Effects of tensile and compressive in-plane stress fields on adhesion in laser induced delamination experiments Fedorov, A.; Vellinga, W. P.; De Hosson, J.T.M. Take-down policy If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately and investigate your claim.
I. INTRODUCTION
In modern automotive and packaging industries, polymer precoated metal sheets are subjected to significant plastic deformations during shape forming steps such as stamping or draw-redraw processing. 1 To predict the integrity of the polymer-metal interfaces, one requires a reliable method to monitor the adhesion of the interface before and after the deformations. Quantitative characterization of adhesion of polymer-metal interfaces subjected to deformation is complicated by the presence of residual in-plane stresses introduced during processing. In an adhesion test of a deformed specimen, delamination takes place under a combination of the pre-existing residual stresses and the stress fields applied by external loading. [2] [3] [4] In some instances, residual stresses alone can lead to a spontaneous delamination or buckling. Accurate accounting for the residual stresses is essential if one aims at understanding the physical and chemical mechanisms of adhesion in the deformed polymer-metal interfaces.
Residual stresses can be introduced by a mechanical deformation, a deposition process, or by a mismatch in thermal expansion coefficient between the coating and the substrate. Blister tests, both pressurized and shaft loaded in the presence of in-plane residual stresses were considered by Jensen and Thouless. 5 Williams presented the analysis of the energy release rate for a number of adhesion testing geometries with tensile residual stress. 6 Guo et al. showed that uniform tensile residual stresses reduce central deflection in the blister test under small loads when bending is dominant. 7 Bouchet et al. 8 and Guo et al. 4 considered the effect of residual stresses on the strain energy release rate measured with a double cantilever adhesion test. Daghyani et al. studied the effect of thermal residual stress on the local crack-tip stress field and the path of crack propagation. 9 Gay has studied the adhesion properties of rubber, which was stressed prior to the adhesion test. 10 The decrease in adhesion of the stretched rubber was ascribed to the changes in mechanical properties of the rubber rather than to changes in the surface energy.
Vayede and Wang studied the adhesion of polymer coating of metal sheet under plastic deformation. 11 Cross-cut tape test was used to evaluate the performance of the coating in terms of the so-called forming limit diagram, which was used in sheet metal forming. Litteken et al. investigated the effect of thermal residual stress on the contribution from plastic dissipation to interfacial fracture energy. 12 The compressive residual stress in the ductile layer was found to enhance plasticity and, therefore, fracture resistance, while tensile stresses reduce plasticity and fracture resistance. In this work, adhesion of polymer-metal interface is characterized with the laser induced delamination technique. The detailed description of this method can be found in Refs. 13 and 14. In this method, pressurized cylindrically shaped blisters are formed at the interface with an infrared pulsed laser. Under the pressure created inside the blisters, polymer coating delaminates further until the corresponding delamination energy release rate equals to the practical work of adhesion. From the shape of the blister, the related stress fields and the practical work of adhesion are derived. 14 A substantial amount of works on modeling of the classical blister test can be found in literature. [5] [6] [7] 13, 15 However, there are a number of principle differences between the classical blister test and the one presented in this work. Most models describe spherical blisters, while in the laser induced delamination, a cylindrical symmetry is used. In the classical blister test, the blister pressure is constant during the delamination. In the laser induced delamination, the amount of gas generated inside the blister is constant but the pressure drops when the delamination takes place. As a consequence, in both cases, different expressions for the energy release rate are obtained. Another significant difference is that the over-pressure inside the laser produced blister is not very high; therefore, the effect of the atmospheric pressure should be accounted. As a consequence, the experimental data are analyzed by using the elastic model and with the finite element analysis developed by the authors, as presented in Refs. 14 and 16. The improved version of this model, which accounts for the stretching of the midplane of the polymer film, is reported in this paper.
The experimental results present the adhesion measurements performed on steel samples with a polyethylene terephthalate ͑PET͒ coating, which were subjected to a uniaxial plastic deformation. Remarkable is that depending on the orientation of the blisters with respect to the axis of deformation, delamination under compressive or tensile inplane stresses was studied on the same sample. From the analysis of the blister shape, the in-plane stresses and the practical work of adhesion are derived.
II. EXPERIMENTAL
In this work, adhesion of the polymer on steel was measured by means of the laser induced delamination technique, which is schematically presented in Fig. 1 . In this method, a coating under study is subjected to a series of laser pulses with stepwise increase in intensity. Every shot is carried out through a slit which results in a formation of a cylindrically shaped blister. Such geometry is chosen for two reasons. First, to enable the description of the formation of the blisters with a two dimensional ͑2D͒ simple elastic model. 14 Second, different from the case of circular blisters, the profile measurements of a cylindrical blister are not very sensitive to the exact path, along which the profile is measured. Upon increasing the laser pulse intensity, the pressure inside the blister reaches the critical value, which results in a further delamination of the coating. The blister profiles are measured with the stylus profiler and by applying the elastic model, the stress fields inside the coating and the practical work of adhesion are derived.
The blisters were produced with the infrared Nd:YAG ͑yttrium aluminum garnet͒ laser NL303HT from EXPLA with the maximum pulse energy of 800 mJ and 5 ns pulse duration. The blister profiles were measured with the stylus Perthometer S2 from Mahr. The samples under study were obtained from CORUS and present a 30 m layer of PET on interstitial free steel substrate with a thickness of 240 m.
In previously presented experiments, the slit opening, which defines the initial width of the blisters, was preserved through the whole series of measurements.
14 As the laser power increases, the initial overpressure generated inside the blisters rises as well. Consequently, at every new step, the delamination starts with higher values of the energy release rate. The delamination proceeds under the condition that the energy release rate exceeds the certain value, which is defined as the practical work of adhesion. The amount of gas inside the blister is fixed and, therefore, the overpressure and the energy release rate decrease during the delamination until the mentioned criterion is not fulfilled and the delamination stops. In order to keep the delamination process close to the thermodynamic equilibrium, the initial value of the energy release rate should be just above the measured value of the practical work of adhesion. This is achieved by increasing the opening of the slit with the laser power. This new approach, which is used in the presented measurements, has considerably improved the agreement between the model and the experiment.
To study the effect of deformation on adhesion, the samples were uniaxially stretched in the material testing system MTS 810. Both bonelike and rectangular shapes of the samples were used with no measurable difference. The sample dimensions were of 25ϫ 75 mm 2 . The samples were clamped at the edges leaving an area of approximately 20 ϫ 40 mm 2 with uniform deformation for the adhesion measurements. The metal substrate was plastically deformed under nearly plane stress condition, with the strain values ranging from 0.3% to 2.0%. In the direction perpendicular to the deformation, the dimension of the substrate reduced. By using the digital-image correlation noncontact optical three dimensional ͑3D͒ deformation measuring system ͑Aramis͒, the strain fields of the metal substrate during the plastic deformation and after the elastic relaxation ͑less than 0.1%͒ were recorded. After the samples were removed from the MTS testing system, the polymer coating remained under in-plane stresses because of the plastic deformation of the substrate. In the direction of deformation, the stress was tensile and in the perpendicular direction, the stress was compressive. By using the same sample and choosing the orientation of the blisters parallel or perpendicular to the axis of deformation, as shown in Fig. 2 , the delamination of the coating was studied in the presence of compressive or tensile in-plane stresses. 
III. FITTING MODEL
The objective of the fitting procedure is to obtain the practical work of adhesion and the in-plane stress present in the coating from the shape of a blister. To do that, one has to be able to derive the elastic energy stored in the blister wall and the energy of the gas pressurized inside the blister. The energy changes ͑global energy release rate͒ during the delamination will then be related to the practical work of adhesion.
A cylindrical blister aligned along the y axis can be described as a thin plate clamped along the boundaries parallel to the y axis. ͑The orientation of the axis is given in the insets in Figs. 1 and 3͒ . The governing equation for the deflection w of the plate under normal uniform pressure p and in presence of the midplane stress mp is written as
͒ is the flexural rigidity, E is the modulus of elasticity, is Poisson's ratio, and t is the film thickness. The midplane stress mp is negative if compressive and is positive if tensile. Clamped or built-in, boundary conditions are used
where a is the dimension of the blister along the x axis ͑blis-ter width͒. We presented the analytic solutions of the boundary value problems ͑1͒ and ͑2͒ without the midplane stress and with the constant compressive midplane stress mp in Ref. 18 . In this work, a numerical approach is used which enables us to account for the stretching of the midplane during blister formation. The midplane strain ͑in the x direction͒ comprises of two parts,
The first term corresponds to the midplane strain under the initial midplane stress mp 0 . The second term is strictly positive and represents the stretching of the midplane because of the bending of the film. Thus, the midplane stress mp present in Eq. ͑1͒ is no longer a constant and becomes a function of x,
Consider delamination of a blister during which the width of a blister changes from a 1 to a 2 = a 1 + ⌬a. The amount of gas inside the blister M is assumed to be constant. By solving the boundary value problems ͑1͒ and ͑2͒ under the condition ͑p atm + p͒V = M, the corresponding values of the blister pressures p 1 and p 2 are found. V is the blister volume per unit length: V = ͐ −a/2 a/2 wdx and p atm is the atmospheric pressure. The energy release rate upon delamination has contributions of the following causes:
͑1͒ Helmholtz free energy per unit length: ⌬F =−͑p atm + p 1 ͒͑V 2 − V 1 ͒ ͑2͒ bending energy per unit length:
, where
and ͑3͒ midplane stretching or/and compression energy per unit length ⌬U mp = U mp ͑2͒ − U mp ͑1͒, where
The energy balance should also include the strain energy of a small fraction of the coating with the width of ⌬a, which after the delamination is incorporated within the blister wall
The released energy is spent on delamination Gda and on the work against the atmospheric pressure ␦A = p atm ⌬V ͑per unit length͒. G is the practical work of adhesion in the usual units of J / m 2 . In the experiments, the blister profiles are measured when the delamination process has already stopped. Therefore, the energy characteristics obtained from the blister shape correspond to the condition when the energy release rate is equal to the practical work of adhesion. Per unit length, this condition is written in the following way:
͑8͒
Every blister profile is characterized by two parameters: blister height H and blister width a. Therefore, a series of measured profiles generates a set of experimental data: ͕H i , a i ͖. To derive the midplane stress mp and the work of adhesion G from the experimental data, one has to provide a fitting function, for example, H = H͑a ; G , mp ͒, where G and mp are the fitting parameters. However, the equations discussed above do not offer a simple expression for the blister height expressed as a function of a, G, and mp . Instead, one has to 
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IV. RESULTS AND DISCUSSION
A typical blister observed in confocal microscope is shown in Fig. 3 . Note that the vertical axis has a different scale. Usually, the blister height does not exceed 30 m, while the blister width is about 1 mm. One of the main objectives of any adhesion measuring techniques is to produce as little plastic deformation in the coating during delamination as possible. It has been argued earlier 14 that with the laser induced delamination technique, the introduced plastic deformation is minimized and mostly restricted to the near crack-tip area. One reason is that the delamination takes place very fast leaving no time for plastic relaxations of the coating. Second, the stress fields developed in the bulk of the polymer film do not exceed the elastic regime of PET, of about 50-60 MPa. Indeed, in the scanning electron microcopy ͑SEM͒ image of the blister opening presented in Fig. 4 , no signs of plastic deformation of the blister wall or crazing are observed. The area of the blister wall presented in the image was not exposed to the laser radiation and the opening is formed via delamination of the coating under the gas pressure.
The results of the laser induced delamination experiments performed on undeformed reference sample are shown in Steel samples with a PET coating were subjected to uniaxial tensile deformation ranging from 0.3% to 2%. The steel substrate is plastically deformed so that after removing the samples from the testing machine, the coating still experiences in-plane stresses. The deformation of the substrate is under nearly plane stress condition, thus in the perpendicular direction, the size of the samples decreases. Because of much lower values, Young's moduli and the yield strength, the coating is elastically deformed. As shown in Fig. 2 , if the blister orientation is perpendicular to the axis of deformation, the delamination of the coating proceeds under a tensile inplane stress. If the orientation of the blisters is parallel to the axis of deformation, it could be argued whether one can expect compressive or tensile in-plane stress. Poisson's ratio for PET is usually claimed to be 0.35-0.45. 20 Thus, if the shrinking of the substrate exceeds this value, the in-plane stress is expected to be compressive. Otherwise, the in-plane stress in the coating is tensile in both directions. As will be shown below, in the current experiments, the coating experienced compressive in-plane stress in the direction perpendicular to the axis of deformation. That was first concluded from the laser induced delamination experiments and then was directly proved with the Aramis deformation measuring system. This finding is very fortunate because both tensile and compressive in-plane stress conditions can be observed on the same sample.
In contrast to the reference sample, blister parameters measured on the deformed sample do demonstrate a strong dependency on the orientation of the blisters with respect to the axis of deformation. That is shown in Fig. 6 . The blisters formed under the condition of compressive in-plane stress appear to be higher than the blisters created on the reference sample with the same laser power. Tensile in-plane stress produces the opposite effect. That happens because the inplane stress has a nonzero vertical projection if the coating is bended. The second term in the right-hand part of Eq. ͑1͒ exactly presents the product of the in-plane stress mp and the bending curvature of the coating =−wЉ. If the stress is compressive, i.e., mp Ͻ 0, this term adds up with the blister pressure, which results in higher blisters. If the stress is tensile, the second term is negative and the effect of the gas pressure is reduced resulting in lower blisters.
It was assumed that the practical work of adhesion is the characteristic of the metal-polymer interface and is not significantly affected by the in-plane stresses present in the bulk of the polymer coating. Therefore, both sets of data were fitted with only three fitting parameters: G, ʈ , and Ќ , where parameters ʈ and Ќ are referred to the direction of the stress with respect to the axis of deformation, parallel or perpendicular. The results of the fits are shown with the broken lines. The results for the reference sample are also given for the sake of comparison. The contour lines are removed because for every in-plane stress, they are different.
The fitting procedure was carried out for all deformed samples. Although no initial assumption has been made about the sign of the in-plane stresses ʈ and Ќ , in all of the cases, ʈ appeared to be tensile and Ќ appeared to be compressive. The results of the fit are summarized in Fig. 7 and 8. In Fig. 7 , the absolute values of the in-plane stresses are plotted versus the deformation of the substrate. The uncertainties of the fitting parameters ⌬G and ⌬ are taken such that about 70% of the data points in every series of measurements are bounded between two curves H͑a ; G + ⌬G , − ⌬͒ and H͑a ; G − ⌬G , + ⌬͒, as shown in Fig. 5 . Every point is represented as 2D Gaussian with the ⌬H = 0.05 m and ⌬a = 0.01 mm. This approach provides an estimate of ⌬G Յ 0.2 J / m 2 and ⌬ Յ 1 MPa. As a matter of course, as the deformation progresses, the absolute values of the inplane stress increase. For all of the samples, the compressive stress is about half of the value of the tensile.
In order to measure the actual strain fields of the metal substrate during the plastic deformation and after the elastic relaxation, the Aramis noncontact optical 3D deformation measuring system was used. The back side of the sample, which was not laminated, was sprayed with black paint to create a stochastic pattern. Based on the correlations between local displacements of the pattern elements during deformation, the Aramis system evaluates the actual displacements and the strain fields at the surface of the sample. The results of such measurements for one of the deformed sample are presented in Fig. 9 . The contour plots present the values of the two principal strains. The directions of the principal strains are not shown because in every location of the sample, the tensile principal strain is parallel to the axis of deformation and the compressive strain is perpendicular to this direction. Both images show reasonable homogeneity of the strain fields, especially in the area indicated by the dash line, where the laser induced delamination experiments were performed. The measured tensile strain appeared to be lower than what was expected. This sample was deformed at 1.5% while only 1.2% of strain was measured. The compressive strain is about half the value of the tensile, which is in agreement with the typical ratio between the corresponding inplane stresses measured in the delamination experiments. The principal strains measured for all samples are presented in Table I. The table also in-plane stresses derived from the delamination experiments, carried out however on different samples. The agreement between these two kinds of measurements is only by the order of magnitude, considering that Young's modulus of PET is 2 -3 GPa. 20 The practical work of adhesion measured on the deformed samples with the laser induced delamination technique are presented in Fig. 9 . The work of adhesion gradually decreases as the deformation of the substrate progresses. It appears that the work of adhesion measured on the reference sample is lower than those measured on some of the deformed samples. The reference measurements were performed on the samples prepared from a different laminated metal sheet. That, together with the different optical arrangements of the setup used and the inhomogeneity of the laser beam, could introduce some systematic error. Since the inplane stresses introduced by the deformation has been already accounted, this degradation of adhesion is exclusively related to the changes that take place at the polymer-metal interface. Various physical mechanisms can be held responsible for the measured degradation of adhesion: change in the contact area, increase in the substrate roughness, breaking of the oxide layer between the substrate and the coating, etc. In future, these mechanisms will be considered in greater detail. In this work, only the roughness of the substrate was measured. However, the substrate of undeformed samples already showed a significant roughness with rms= 0.35 m. The roughness of the deformed samples has slightly increased up to rms= 0.4 m. Therefore, there are no any conclusions on correlation between the measured practical work of adhesion and substrate roughness in this study.
V. CONCLUSIONS
The PET coatings on steel substrate were subjected to a uniaxial tensile deformation. The adhesion of the polymermetal interface was monitored with the laser induced delamination technique. As the deformation of the substrate increased, the degradation of adhesion in terms of the practical work of adhesion was measured. The deformation of the substrate also introduced in-plane stresses in the coating. De- pending on the geometry of the experiment, delamination was studied under compressive or tensile in-plane stresses. The presented model enabled us to recover from the experimental data not only the practical work of adhesion but also the magnitude and the character ͑tensile or compressive͒ of the in-plane stress. The in-plane stress obtained from the delamination measurements were compared to the strain fields directly measured on the metal substrate by optical methods.
